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PREFACE

This project was accomplished as part of the U.S. Army Aviation
Research and Development Command Manufacturing program. The primary
objective of this program is to develop, on a timely basis, manufac-
turing processes, techniques, and equipment for use in production of
Army materlel, ‘Commerits are solicited on -the potential utilization
of .the informition contained herein as applied -to present and/or
future production programs. Such comments should -be :sent to: U.,S,

Army Aviation Research and Development Command, ATTN: DRDAV-EGX,
4300 Goodfellow Blvd.,, St. Louis, MO 63120,

The work described in this report was accomplished under a
contract monitored by the Army Materials and Mechanics Research
Center, Technical monitor for this contract was Dr. R. J. Shuford.
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FOREWORD

This project was performed by Souithwest Research Institute for
the U.S. Army Materials and Mechanics Research Center as a special
task under auspices of the Nondestructive Testing Information Anal-
ysis Center (NTIAC). Funding was provided through NTIAC under Item
No. NOOlAG of Contract DLA 900-79-Cl266. Appreciation is expressed
to Mr. Richard Shuford of the Composites Development Division at
AMMRC for his technical guidance throughout the performance of this
program, to the Contracting Officers Technical Representative, Mr.
George Darcy for his cooperation in arranging this study and. to Dr.
Richard- smith, Director of NTIAC.
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The Task Manager for this program-was G. A. Matzkanin of the In-
strumentation Research.Division at Scuthwest Research Institute; much
of the NMR experimental work was performed by E.S. Reiwerts. Mechan-
ical testing was supervised by R. D. Brown of the Department of Mate-~
rials Sciences.




EXECUTIVE SUMMARY

This project was undertaken to investigate the feasibility of using
nuclear magnetic resonance (NMR) to nondestructively determine the amount
of moisture in organic matrix composites and the extent of moisturc-induccd
mechanical degradation,

The investigations consisted of measuring the hydrogen NMR signals from
two organic matrix composite systems subjected to long term environmental
conditioning. The composite systems investigated were 8 ply, * 45° laminates
fabricated from SP 250 resin/S2 glass fiber and Reliabond 9350 resin/Keviay
49 fiber. Specimen coupons, 20.3 cm (8 in.) X 2.54 cm (1 i-.), were cuatt Lrom

| the panels and initially oven-dried before conditioning at 51.ovc T1207F) and

? 95% relative humidity for approximately four months. Destruciave tensile
testing was performed on ten dried specimens and tvio conditioned specimens
after they had reached levels of 4.6% and 1.3% ddry woerght molsture for the
Kevlar and glass composites, respectively. Moisturs absorption was found to
cause decreases in ultimate tensile =rrenath of 14% and 4.3% for the Kevlar
and glass composites, respoectiveiy, wad an lncrease in the tangent modulus

| of approximately 1% 1.1 ‘el types of composite.

Althougi i ultunate sensitivity ana resolution were not determined,

abisotied mersture levels as low as 0.2% produced measureable NMR signals.

S aveorbod wmolsture NMR signals consisted of distinct multiple components
wiivil were attributed to moisture in various states of molecular binding.
uwoud correlation was obtained between the NMR signal amplitude and the dry
weight moisture percentage indicating the potential feasibility of utilizirn:
NMR for nondestructively measuring the amount of moisture in composites.
Analysis of the NMR signals indicated that plasticizing of the resin matrix
was the most likely cause of mechanical degradation rather than microcrackina.
Experiments on fractured specimens subjected to additional envirommental ox-
posure showed that NMR is capable of distinguishing the free moisture onter-
ing a composite through cracks and fissures from that absorbed intu the com-
posite structure. Experiments performed on fibers indicated that NMR is
capable of detecting and measuring moisture absorbed by Kevlar fiboer. As
expected, no hydrogen NMR signal was observed from the glass fiber.

Based on the results of this project, it is rccommended that additonal
NMR investigations be pursucd to investigate the physical mechanisms of
moisture absovrption by composites and the role played by moisture in mechatit-
cal degradation. Specific experiments suggested include the measurcnent of
NMR parameters such as the spin-lattice relaxation time and a study of the
cffect of applied stress on moisture absorption.
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I. INTRODUCTION
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Moisture intrusion caused by environmental -exposure for extended per-
iods is known to have an adverse effect on the structural integrity of or-
. ganic matrix composite materials. (1) Not only does moisture migration along
‘the fiber-matrix interface weaken the interface bond, but also diffusion
through the organic matrix leads to degradation of the polymeric structure.

< Both interactions result in a decrease in mechanical properties of the com-
posite.
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The usual method of determining moisture- abscrption in the laboratory
is by means of weight gain measurements. While this method is satisfactory
for laboratory use, it is not practical for field measurements. The work
reported herein, was undertaken to investigate the feasibility of using nu-
clear magnetic resonance (NMR) as an alternative method for determining the
amount of moisture in organic matrix composites. NMR is a rapid, entirely
nondestructive spectroscopic approach involving the resonant absorption of
electromagnetic energy by nuclei with magnetic moments. The NMR method has
been used extensively as an analytical laboratory tool in physics and chem-
istry. 1In addition, instrumentation systems have been developed and applied
to a number of difficult but practical moisture measurement problems includ-
ing moisture measurement in black powder and smokeless powder, corxrn and pota-
to food products, and highway subgrade soils.(2:3/4) gpe of the important
features of NMR is that not only can the amount of moisture be determined but
the method can also distinguish between water in different binding states,
‘ thus providing information on the molecular structure of the material. 1In
b the experiments performed on composites, the NMR signals were examined to de-
termine the feasibility of associating certain signal characteristics with
mechanical deqgradation caused by moisture.

o it e ot £ e
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As described in the next section on experimental procedure, two composite
specimen systems were investigated. One, a fiberglass-based system and the
‘ other a Kevlar fiberx-based system. The specimens were conditioned in an en-
, vircnmental chamber at 51.6°C (125°F) and 95% relative humidity. NMR measure-
‘ ments wexre made several times during the moisture absorption cycle and the sig-
nals analyzed in terms of the amount of moisture present. Mechanical property
measurements were made on oven-dried specimens and on moisture-satuxated speci-
- mens. Results of the experiments presented in Section XXX show that tie NMR
signals are composed of several components which can be associated with mois-
ture in differenc s%:ates of binding. The moisture component of the NMR signal
correlates well with the amount of moisture determined by weighing and demon-
strates that NMR is a sensitive and accurate method for nondestructively deter-
mining the amount of moisture present in composites. Based on the measurements
¢ - made, however, the association between NMR signal characteristics and mechani-
7 cal degradation is not cleaxr. Additional measurements are needed, for example,
; on the fiber and resin component materials, in order to better understand the
; composition of the NMR signals, and their relaticnship to the physical and
: moiecular structure of the composite. Based on the results obtained it is
; clear that NMR is a useful indicator of moisture content in organic composites
and in addition has the capability for providing information on molecular
structure changes accompanying environmental exposure.
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During the performance of the project, a literature survey was con-
ducted on methods for measuring moisture in composites and the effects of
moisture absorption on mechanical properties. Because of the importance
of this topic to the NDE and mechanical design communities, the literature
survey conducted during this project will be expanded into a state-of-the-
art survey under sponsorship of the Nondestructive Testing Information -Anal-
ysis Center (NTIAC) and will appear in the near future as an NTIAC publica-
tion available for public distribution. Results of the literature search
are briefly described in Appendix A to this report.
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II. EXPERIMENTAL PROCEDURE

Specimen Conditioning

The composite specimens ytilized- in this study were of two types.
One type was composed of SP 250 resin and S2 glass fibers. The other
type was composed of Reliabond 9350 resin and Kevlar 49 fibers. These
two types of composite materials were used to fabricate 8-ply laminates
with a +45° fiber orientation. Test specimens of nominal dimensions,
2.54 em (1-in.) by 20.3 cm (8-in.), were cut from the laminate panels.
. Twenty-two specimens of each type were cut for the testing program, the
glass fiber specimens labeled G1-G22 and: the Kevlar fiber specimens
labeled K1-K22. The specimens were left untabbed to ensure uniform
moisture conditioning.

Fiber volumes for the two composite systems were determined by taking
a sample of the composite, weighing it first in air then in water to deter-
mine the panel density as described in ASTM D792 "Specific Gravity- and
Density of Plastics by Displacement”. Fiber volume was then calculated
from the densities by the equation:

o= p
v. = <R 100%
F Pp = P

R

where p is density; subscript C refers to the composite, R refers to resin,
and F refers to fiber. Void volumez for the glass composite was cdetermined
by the method described in ASTM D2584 "Ignition and Loss of Cured Rein-
forced Resin". Void volume could not be determined foir the Kevlar com-
posite due to disintegration of the Kevlar fiber during the ignition pro-
cess. Results for the two composite systems are tabulated in Table 1.

Prior to moisture conditioning, all 44 composite specimens were oven-
dried at a temperature of 55°C (131°F) in a vacuum oven. Aluminum racks
were fabricated to keep the specimens separated from one another in the
oven. The specimens were all weighed prior to placement in the oven and
five specimens of each type (glass and Kevlar) were removed from the oven
and weighed periodically to determine when an equilibrium condition was
reached. All weighings were performed on a Mettler balance capable of
0.0001 gram resolution. A constant dry weight condition for the composite
specimens was achieved after three weeks of oven drying.

Upon completion of oven drying, ten each of the two types of speci-
mens (G13-G22 and K13-K22) were destructively tested to determine the dry
mechanical properties. Of the remaining oven dried specimens, NMR measure-
ments were performed on specimens G1-G5 and K1-K5. Specimens G1, Gl2, Kl
and K12 were placed in a desiccator and kept in a dried condition. These
specimens were utilized throughout the remainder of the project as baseline
specimens to check the- calibration of the NMR instrumentation system. The
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TABLE 1
. Material Parameters of Composite Specimens
_» Kevlar Composite . Glass Composite
o Resin Type Reliabond 9350 SP 250
) .? Fiber Type Kevlar 49 Fabric 82 Glass
Resin Density © 1.20 g/cm3 1.21 g/cm3
= Fiber Density 1.45 g/cm3 2.49 g/cm3
: Composite Density 1.33 g/cm3 1.80 g/cm3
1 -
; Fiber Volume 47.9% 47.5%
: Void Volume _— 1.26% /\ﬁ\%
|
-
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remaining twenty specimens (G2-Gll and K2-K11) were placed in the environ-
mental chamber for moisture conditioning. A summary of specimen disposi-
tion is given in Table 2.

Moisture conditioning was accomplished under constant termperature-
humidity conditions using a commercially manufactured controlled environ-
mental chamber (Tenny Engineexring Inc., Union New Jexsey). With this cham-
ber, heat is suppied by resistance heating elements and moisture is. supplied
by injecting steam into the cabinet. During environmental exposure, humi-
dity was measured and controlled from wet and dry bulb temperature measure-
ments. Environmental conditioning was performed at a temperature 5£ 51.6°C
(125°F) and a relative humidity of 95%. The specimens in the chamber were
held separated from one another on the same racks used for oven drying:

Moisture absorption within the specimens was determined by the chang:z
in weight of the specimens. During moisture conditioning, three to six
specimens of each type were periodically removed from the environmental
chamber and weighed. A typical measurement resulted in at most a ten min-
ute period during which the specimens were exposed to rcom temperature con-
ditions. The particular specimens removed for weighing were varied so that
the same specimens were not removed from the chamber each,time. During the
first two weeks of conditioning, specimens were weighed daily with the in-
terval increasing to weekly after this initial period.

it Mo oo e Ao S s ki - WA s M D
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NMR Measurements

NMR measurements were performed on the composite specimens utilizing a
30 MHz pulsed NMR spectrometer. The basic principles of the NMR method are
described in Appendix B and the references cited therein. Briefly, appli-
cation of NMR to composite materials involves measurement of the hydrogen
nucleus (proton) NMR signal. The experimental procedure involves placing
the specimen into a radiofrequency (RF) coil which is located within the
gap of an electromagnet (see Figure B7, Appendix B). The RF coil utilized
for the measurements on composites was approximately 3.2 cm (1.25 in.) long
and had an inner diameter slightly greater than the width of the specimens.
The coil mounting assembly was- constructed of hydrogen-free materials and
measurements verified that no hydrogen NMR signal was observed from the
empty coil.

The principal NMR signal varameter measured was the free induction
decay (FID) following a 90°RF pulse (see Figure B4, Appendix B). The FID
allows a determination of the nuclear spin-spin relaxation time T, whivh

. provides information on molecular coupling and nuclei in differcnt vhemt
cal states. To improve the signal-to-noise ratio of the weawuluvmenis,
signal avcraging was utilized. This involved repetitive namyd ey off the

. NMR signal and time averaging to reduce the noise level rclative to the
signal amplitude. For signal averaging, o fiomstion Model 8100 Transient
Recorder was used in conjunction with a Nicolct L0772 Instrument Computer.
The time averaged NMR signals wetoe displayed on a Moseley XY Recorder for
later analysis.



Kevlar Composite
Specimens
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TABLE 2
Disposition of Composite Specimens
All specimens initially oven-dried
Specimen
Utilization
Kept dry in desié¢cator; NMR

NMR measurements
during moisture conditioning

-Moisture conditioned; destructively

tested after moisture saturation

Kept dry in desiécator

Destructively tested after
oven-drying

Glass Composite

Specimens

——— ot
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Gl

G3
G4
G5
G6
G7
G8
G9
Gl0

L o1

Gl12

( G13

Gi4
Glh
11
al7
Gl8
G19
G20
G21

. G22-
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- During the moisture conditioning period, NMR measurements were per-
K5) at several levels

formed on four specimens of each type (G2-G5 and K2-
of moisture absorption. For these measurements, the specimens were removed
from the environmental chamber and placed into the RF coil of the NMR sys-
tem. The composite specimens were weighed both before and after the HMR
measurements and accurate records kept of the specimen weights 0 that say
* extraordinary change in moisture level would be noted. ‘e averaga time
a specimen was out of the environmental chamber during HHR measurements
was approximately 30 minutes with the chanye In dny weight moisture per-
centage during this time typically being lcas than 0.05% for the Kevlar
specimens and less than 0.01% for the glass specimens.

Mechanical Testing,

Dostpuskive mechanical testing was pexformed on oven-dried specimens

$113~C22 and X13-K22. Upon completion of moisture sonditioning and after

performing final NMR measurements, environmentally conditioned specimens
ive mechanical testing.

G2-G11 -and K2-K11 were also subjected to destructl
g tensile strength and modulus

oo

B

Mechanical testing consisted of determinin

using a 222.4 kN (50 kip) hydraulic test machine with a head displacement
3 rate of 0.13 cm (0.05-in.) per second. Strain was measured by means of a
{ strain gage extensometer having a nominal 5.1 cm (2~-in.) gage length. The
5 stress~strain curve for each specimen was recorded using an XY recorder
%1 and the modulus and ultimate strength determined from these data.
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XIX. RESULTS-

Moistukre Absorption

Moisture saturation took considerably more time than anticipated,
possibly due to the low fiber volumes for these composites (see Table 1). *
In fact, complete equilibrium moisture saturation was not attained with-~
in the time frame of the project as can be seen from the moisture absorp-
tion curves shown in Figures 1 and 2 for the Kevlar and glass fiber com- »
posite systems, respectively. The data are shown plotted in the usual
format of dry weight moisture percentage versus viime. (3) After a little
over four months of environmental exposure, the Kevlar composite specimens
reached a moisture level of 4.6% while the glass ¢omposite specimens reached
a level of 1.3%. In order to complete the project in a timely manner, it
was decided to perform the final NMR and mechanical testing experiments at
these moisture levels even though the specimens were not at saturation e-
quilibrium. All of the moisture levels at which NMR measurements werej made
are noted on the moisture absorption curves. As indicated previously@éthe
moisture percentage values were obtained by weighing three to six specimens
of each type. The weights among specimens -‘were found to be quite consis-
tent and in practically every case, the weights were within the extent' of
the data points on the graphs in Figures 1 and 2.

After three months of moisture conditioning, the environmental chamber
malfunctioned resulting in a loss of humidity generation for a period of
approximately 24 hours. During the time that the chamber was undergoing
repair, the composite specimens were put into sealed containers and placed
in an oven at a temperature of 51.6°C (125°F) in order to simulate condi~
tions in the environmental chamber. As seen in Figures 1 and 2, the cham-
ber malfunction resulted in a loss in moisture of approximately 0.l% dry
weight moisture percentage for both the Kevlar and glass composite specimens.
After the environmental chamber was repaired, moisture reabsorption occurred
quickly so that by the time final NMR and mechanical measurements were made,
the moisture levels in the specimens coincided with the original moisture
absorption cuxve,

NMR Measurements

Typical NMR free induction decay signals from wet and dry Kevlar and
glass composite specimens are shown in the oscilloscope -photographs in Fig-
ures 3, 4, 5, and 6. In these figures, the oscilloscopz vertical (V) and
horizontal (H) sensitivities are indicated as well as the attenuator (Atten)
setting of the NMR spectrometer. The bottom photographs in these figures .
present the same information as the top photographs but at greater verti-
cal sensitivity and an expanded time base in order to better display the
moisture component. In Figure 3 which shows results f£or a Kevlar composite
specimen containing 4.5% moisture two components in the FID can be readily
distinguished. The large amplitude, fast decaying component identified as
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"Solid Component" in Figure 3a is associated with the chemically bound

-structural protons in the Kevlar composite material. The other lower-

amplitude FID component shown more clearly on the expanded scale photo-
graph in Fiqure 3b is associated with the absorbed moisture. (As will
be shown later in this section, the wmoisture signal is- actually composed
of meltiple components associated with moisture in different states of
molecular binding): For comparison, the FID obtained from an oven-dried
Kevlar composite specimen is shown in the oscilloscope photographs in
Figure 4. Note that even in the expanded scale photograph in Fiqure 4b,
there is no cvidence of a moisture component (compare Figures 3b and 4b) .
Comparable results for wet and dry glass composite specimens are shown
in Figure 5 and 6, respectively. The lower amplitude for the glass com-
posite moisture component in Figure S5b compared with that for the Kevlar
composite in Figure 3b (note the change in vertical sensitivity) is due
to the lower moisture content in the glass composite relative to the Kevlar
composite.

In order to quantitatively analyze the NMR signals from the composites,
the time averaged FID's were measured from the XY recordings and plotted on
semi-log -graph paper. Since the nuclear spir relaxation times are expected
to be exponential (see Appendix B), a semi-log plot of FID amplitude versus
time should be linear with a slope which gives the relaxation time T,. For
the oven-dried specimens, only a single exponential decay is present from
which a relaxation time T, of 6 us is obtained for both Keviar and glass
composites. This short decay time is indicative of tight molecular coup-
ling and is representative of the decay times observed from solid naterialsfs’
For composites, this FID component is associated with the chemically-bound
hydrogen atoms of the réesin matrix for the casa -of the glass composite speci-
mens and of both the matrix and the organic Kevlar fiker for the case .of the
Kevlar composite specimen.

Semi-log plots of the FID's for moisture conditioned specimens are shown
in Figures 7 and 8 for Kevlar and glass. composites, .respectively. For both
these specimens, the initial fast-decaying component with a time constant
of 6 ps associated with tightly bound hydrogen is present as well as a mois-
ture component beginning between 50 and 60 ps. The difference in time scales
for the graphs in Figures 7 and § is due to the fact that the Kevlar moisture
component was measurable at longer timecs than that for the glass composite
due to the greater amount of moisture present in the Kevlar composite. As
noted in these figures, the Kevlar composite decay curve cexhibits an oscil=
lation at the beginning of the moisture component whereas the glass specimens
do not exhibit this feature (the Kevlar fiber NMR signals show this same cs-
cillation as will be shown later in this section). Although it was not pos-
sible to investigate this feature within the scope of the program, it is
tentatively interpreted as a "Lowe-Norberg beat”™ which is associated with
hydrogen nuclei in different chemical environments having slightly different
NMR fregquencies caused by chemical exchange interactions. ) Investigations
of such features in the NMR signals could provide important information on
the molecular structure changes accoppanying moisture absorption in composites:
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For the Kevlar composite the meisture NMR signal is composed of three com-
ponents with decay times as indicated in Figure 7 while for the glass com~
posite only two moisture components are observed. These components may be
associated with absorbed moisture in different states of molecular binding
within the composites.

In Figures 2 and 10 are shown the absorbed moisture components-of the -
FID's for the various moisture levels investigated for both the Kevlar and
glass fiber composites. These plots represent averages of the NMR data ob-
tained from all of the specimens measured (K2 - K5 and G2 - G5) at the RN
various moisture levels investigated. For clarity, the initial part of
the FID with the 6 us time constant associated with the tightly bound hy-
drogen is not shown in these Figures and the data points are omitted; only
the linear segments of the FID's beyond approximately 50 us are presented.
The lowest moisture level data shown in these figures (0.49% for Kevlar
and 0.19% for glass) were obtained from the as-fabricated composite, that
is, prior to oven drying and moisture conditioning. These results illus-
trate the sensitivity of the NMR method since even at these low moisture
levels, NMR moisture signals were easily measureéd. Keeping in mind that
the FID amplitude is plotted on a log scale, the NMR signal amplitude can
be seen to vary strongly with moisture. This is shown more clearly in Fig-
ures 11 and 12 which show graphs of the FID signal amplitude at 200 us ver-
sus percentage moisture: At low signal levels, the relationship is non-
linear due to non-linearities ‘in- the NMR spectrometer -diode detectors. At
higher signal levels a linear relationship is observed for the Kevlar com-
posite.

Examination of Figures 9 and 10 show that in addition to the signal
amplitude, the spin-spin relaxation times undergo a regular variation with
moisture level. These results are tabulated in Table 3. As the moisture
level increases, the time constants also increase indicating that additional
moisture is less strongly absorbed in the composite system than is the case
at low moisture levels. Also the distinction between the time constants
for the separate moisture components becomes less pronounced as more mois-
ture is absorbed into the composite systems.

In addition to the measurements on the composite specimens, a few NMR
measurements were also performed on the S2 glass and Kevlar 49 fibers and
the SP250/S2 glass and Reliabond 9350/Kevlar 49 prepregs. No proton NMR sig-
nals were observable from the S2 glass fiber. However, a strong NMR signal
was observed from the Kevlar 49 fiber comparaole in magnitude and charac-
teristics- to that observed from the Kevlar conposite. An example of the
free induction decay from less than one gram of Kevlar 49 fiber in the as-
received condition is shown in Figure 13a. (Dry weight moisture percentage -
was determined by oven-drying the fiber after completion of the NMR experi-~
ments): As in the case of the-composite, the Kevlar FID is characterized
by a fast decaying initial part with a time constant of 6 us (not readily .
seen- in Figure 13a because of the time scale) and an absorbed moisture com~
ponent beginning -at approximately 60.-us. The oscillation observed in Fig-
ure 13a at the beginning of the moisture component for the Kevlar fiber im-
plies that this feature in the NMR signals measured from the composite (see
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0.49
1.36
2.00
2.83

4:60

6.19
0.37
0.62
0.78

1.27
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TABLE 3

Relaxation- Times (us)

Ta2

70
75
82
113

178

13
33
35
45

54

Tas3

Kevlar -Composite

175

Glass Composite

157
175
200

230

62
70

76

99

125

T

210
228
235

245
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Figure 3b) is associated with the fibers in the Kevlar composites.

NMR measurements were also-made on the Kevlar fiber after -exposure to
the same environmental conditions as the composite specimens, namely 51.6°C
(125°F) and 95% relative humidity. Results for the Kevlar fiber after an
environmental exposure of 29 hours and a weight gain of 0.1l grams are shown
in Figure 13b. The large increase in the FID moisture component due to the
absorbad moisture is readily seen (note the change in attenuator setting from
Figure 13a. Experimental difficulties were encountered in performing the NMR
measurements on the fiber since the weight was found to change quite rapidly
once the fiber was removed from the environmental chamber. In fact the NMR
signal could be obgerves? diminishing in amplitude with time while the fiber
specimen was outside the environmental chamber. )

Results of NMR measurements made on the Kevlar fiber .after long term
(approximately 3 months) exposure in the environmental chamber are shown in
Figure 14. A very strong absorbed moisture FID component was observed as
shown in Figure l4a after a total weight gain of more than 1 gram which is
an increase of over 100% from the original weight. In addition to the large
absorbed moisture component, another distinct FID component was observed at
a longer time as seen in the expanded scale photograph shown in Figure 1l4b.
This signal component has the time constant characteristics of free water
and .can. probably be associated with the free moisture adhering to the fiber
surface (the fiber was wrapped on a teflon bobkin for the NMR measurements
so that excess moisture within the fiber windings could not be readily re-
moved) . The NMR signal obtained after allowing the Kevlar fiber to dry over-
night at ambient conditions is shown in Figure 15a.. The absorbed moisture
signal is seen to have diminished greatly and the free moisture signal is

-no longer present. After oven-drying the fiber, no moisture signal compo-

nent was observed as illustrated in Figure: 15b.

The Kevlar and glass prepregs were kept frozen at -16.7°C (2°F) until
ready for measurement. Upon removal from the freezer and thawing at room
temperature, the free induction decays shown in Figure 16 were obtained.
The prepregs were exposed to ambient laboratory conditions for a period of
one month at which time the weight of the glass prepreg was found to be
virtually unchanged whereas the Kevlar prepreg had increased in weight ep-
proximately 0.43%. No change in the NMR signals from the -prepregs aftex the
one month exposure to ambient conditions could be seen compared with the
signals obtained from the prepregs after irnitial removal from the freezer.

Interesting NMR results were obtained from one of the fractured mois=
ture conditioned glass composite specimens after destructive testing. FID's
obtained from the fractured specimen- are shown in Figure 17. A strong ab-
sorbed moisture component is observed- as seen in Figures 17a and 17b. It
is probably due to moisture that was absorbed through the fracture surfaces
(the fractured specimen pieces were placed back in the environmental chamber
after destructive testing). Figure l7c is an expanded scale photograph show-
ing the presence of a free moisture signal at approximately the 2 ms point.
Since the specimen surface was wiped dry of excess moisture, the free mois-
ture NMR signal is no doubt due to moisture which entered the interior of
the composite through fracture planes.
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Mechanical Testing

Tabulations of the tensile test results for the -dry and moisture
saturated composite specimens are presented in Tables 4 and 5. .As in-
dicated in the tables, some of the specimens failed outside the 5.1 cm
(2 in.) gage length of the extensometer, however, none of the specimens
failed at the grips. Moisture saturation was found to reduce the average
ultimate tensile strength 4.3% for the glass composite and 14% for the
Kevlar composite while the tangent modulus increased 11.6% for the glass
composite and 10.9% for the Kevlar composite.

Stress-strain curves for the Kevlar and glass composites are- shown
in Figures 18 and 19. The curvées in these figures are the best-fit poly-
nominal curves (using 3 degrees of regression) to all of the recorded
stress-strain curves and ‘thus represent the best overall average curves
for the specimens tested. The stress-strain curves for the dry and mois-
ture saturated specimens are included together in the figures for compar-
ison. The changes in stress-strain -characteristics produced by environ-
mental exposure can be readily seen from these figures. ’
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TABLE 4

¢ SUMMARY OF TENSILE TEST DATA FOR DRY GLASS AND DRY KEVLAR COMPOSITES

Head Displacemeni Rate: 0.05 in./sec

GLASS COMPOSITE

] -Ultimate

€ Tensile Tangent Maximum
§ . Specimen Width Thickness Area Strength Modulus Strain

3 No.* (in.) (in.) (in.?) (kpsi) (Mpsi)  __(%)

T : G22 1.010 0.073 0.07373 26.4 1.98 *hk
F‘ G21 1,009 0.074 0.07466** 25.2 1.81 11.86
Gl4 1.009 0.073 0.07365%* 26.4 1.69 11i.55
31 G20 1.003 0.073 0.73200 27.0 1.69 12.30
S G18 0.992 0.072 0.07142 26.2 1.75 11.72
- G17 1.038 0.072 0.07474 26.8 1.73 11.76
G16 1.014 0.072 0.07301 26.6 1.69 12.58
G15 1.014 0.072 0.07301%* 27.1 1.67 12.78
G13 1.014 0.073 0.07402 26.0 1.63 11.43
G19 1.024 0.074 0.07578%* 26.3 1.58 12.74
Avg. 26.4 1.72 12.08

“KEVLAR COMPOSITE

' K19 1.013 0.090 0.0912 28.4 0.798 8.31
K17 0.998 0.091 0.0908** 29.8 0.920 7.95
K20 1,024 0.090 0.0922 28.0 0.877 7.40
K15 1.008 0.090 0.0907 29.2 0.914 7.02
K22 1.022 0.090 0.0920%%* 27.2 0.840 10.48
K21 1.005 0.092 0.0925%%* 26.8 0.863 9.47
K13 1.013 0.091 0.0922%* 27.3 0.913 8.04
K14 1.015 0.092 0.0934%* 28.0 0.866 7.42
K18 1.014 0.090 0.0913 29.7 0.942 8.12
K16 1.012 0.090 0.0911 30.9 0.912 8.00
Avg. 28.5 0.884 8.22

: 1l in. = 2.54 cm.
g~ - 1.psi = 6.9 kPa

"% gpecimens listed in chronological order of testing.

** gpecimens failed within the 2-in. gage length; all others failed
outside the gage length. )

*%%* No data. ‘




Ser S

PR [ PUTLE N

TABLE 5-

32

SUMMARY OF TENSILE TEST DATA FOR GLASS AND KEVLAR COMPOSITE
AFTER SATURATION AT 51,6°C (125°F) AND:-958% RELATIVE HUMIDITY

Head Displacement Rate:

GLASS COMPOSITE.

Specimen- Width  Thickness Area
No.* (in.). .. (in.) (in.<)
G2 1.013 0.073. 0.0739
G3 1.012 0.073 0.0739
G4 1.012 0.073 0.0739
G5 1.008 0.072 0.0726
G6 1.013 0.072 0.0729
G7 1.012 0.073 0.0739
G8 1.014 0.074 0.0750
GO 1.013 0.075 0.0760
Gl10 1.013 0.075 0.0760
Gll 1.015 0.075 0.0761

Avg.
KEVLAR COMPOSITE
K2 0.995 0.092 0.0915
K3 '1.005 0.097 0.0975
K4 1.013 0.094 0.0952
K5 1.012 0:094 0.0951
K6 1.010 0.093 0.0939
K7 1.012 0:094 -0.0951
K8 1.012 ‘0.092 0.0931
K9 1.002 0.095 0.0952
K10 1.015 0.090 0.0916
K1l 1.013 0.089 0.0902:
Avg.
1 in, = 2.54 cm
" 1 psi = 6.9 kPa

’

* Specimens liStéd in chronclogical order of testing.
**%* Specimens failed within the 2-in. gage length, all others failed.
*** No data,

0.05 in./sec.

" Ultimate

Tensile Tangent  Maximum

Strength  Modulus Strain
(kpsi) (Mpsi) (%)
23.3%% 1.91 11.78
23.5 1.98 11.71
23.4 1.98 11.87
23.0 1.95 10.97
22,9%% 1.94 11.37
23.0%* 1.82 12.15
23.0%%* 2.28 12.24
23.2%% 1.86 12.46
22.8 1.77 11.34
23.3 1.73 11.23
23.1 1.92 -11.71
24, 1*%* 0.98 9.09
22.6 0.94 8.33

" 23.4 0.98 7.06
23.8 0.96 7.23
23.9 0.99 6.77
24,1 1.01 6.60
2q6.7 1.04 7.85
* %k *k%k * % %
26.7 0.97 11.33
25.2 0.96 9.35
24.5 0.98 8.18




33

357 B R — T T

30 - Oven Dried ‘ —

X ,
Average ‘
Ultimate ‘
Tensile —~.

X Strength

4.6 % Moisture

25

20

15

10
KEVLAR FIBER COMPOSITE

Tensile Stress (ksi)

ol 1 I B .
0 2 4 6 8 10 12
Strain(%)

FIGURE 18. STRESS-STRAIN CURVES FOR KEVLAR COMPOSITE




34

I I l l T I
30 — ]
“X
25 |- '
ﬁ Oven dried
: P ) N
Ty Average |
. L 20 - Ultimate
ST Tensile
l 3 Strength
= .27 % Moisture
2
;10 -
. )
| @ GLASS FIBER COMPOSITE
B
s -
? 0 1 1 ] L | 1
0 2 4 6 8 10 12

Strain (%)

FIGURE 19. STRESS-STRAIN CURVES FOR GLASS COMPOSITE




35

IV. DISCUSSION

‘The, résults of this project are very encouraging in demonstrating
the feasibility of NMR to not only nondestructively measure moisture in
organic matrix. composites but also to serve as a tool in laboratory
studies -of the relationship between-moisture absorption and mechanical
degradation. Althougn the ultimate sensitivity of the techni~ue for
moisture detection has not been determined, the results obtained in this
project show that moisture levels»pffo.é% can be readily measured with
NMR and. variations in moisture on the order of 0.1% can be resolved. The
existence of -multiple components for the absorbed moisture free induction
decay signals indicates that the absorbed moisture exists in several states
of molecular binding. Similar results have been obtained for various other
heterogeneous materials such as soil, concrete, paper and food products. 8
In the case of the Kevliar composite, moisture is absorbed by the organic
fiber as well as by the matrix, while in the case of the glass composite,

moisture is absorbed by the matrix alone driven by environmental tempera-

ture and humidity gradients.

It is known that moisture can be -transported through the matrix by
several different mechanisms such as:(2)

1. Capillary action along the fiber-matrix interface,
2. Voids, pores, or cracks in the resin system,
3. Diffusion through the resin itself.

It is plausible therefore, that the distinct components observed in. the ab-
sorbed moisture FID's may associated with water in these various states.

The fastest-decaying absorbed moisture component, that is, T22' can be asso-
ciated with the moisture absorbed along the fiber-matrix interface since
these moisture molecules are expected to be relatively tightly bound by sur-
face tension and such conditions proéduce a fast decay; the longer time con-
stant FID components can be associated with moisture absorbed into the resin.
The additional FID component observed for the Kevlar composite compared with
the glass composite may be due to the fact that the Kevlar fiber itself ab-
sorbs considerable moisture. More detailed investigations of the Kevlar fi-
ber NMR characteristics and those of neat résins would be needed in order to
verify these interpretations.

The tensile test results illustrate the adverseé effect environmental ex-
posure has on the mechanical properties of composites, particularly strength.
Although the exact mechanisms of mechanical degradation are not clearly un-
derstood, two mechanisms which can result in a loss of strength are "plasti-
cizing"” of the matrix caused by moisture absorption and microcracking of the
composite structure due to swelling of the matrix. (10)  Moisture existing in
microcracks would be expected tc be relatively free with a long T, time con-
stant. However, there was no evidence of a long time constant, free mois-
ture NMR signal component in the measurements made on the environmentally
conditioned specimens prior to mechanical testing. (Although a strong free
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moisture signal was. observed from the fractured specimens which had been

placed back in- the environmental chamber as skown in Figure 15). If free

moisture were present in microcracks, it should have been detected by NMR.

Hence, the most likely cause of the measured mechanical degradation is

plasticizing of the matrix. <This conclusion is further substantiated by

the general increase in relaxation times observed with increasing moisture .
-absorption. The longer relaxation times imply looser molecular coupling

which could accompany plasticizing -of the matrix resin.

As .a result of the work reported here, several areas are suggested
for utilizing NMR in further exploring and understanding the relationship
between moisture -absorption and mechanical degradation. Most work re-
ported-on composites has involved equilibrium moisture concentrations where
there is no moisture .gradient through the thickness of the specimen. 1In
) practical situations, however, the distribution will not be uniform due to
f- | surface absorption and desorption. This fact could cause discrepancies in
E test data because some plys will be more moisture-saturated than others and
‘therefors will be mwore -prone to loss in strength than neighbering plys which
are less saturated: BIutilizinginhomogeneous magnetic fields and field-
focusing techniques,(l ) it may be feasible to utilize NMR to nondestruc-
tively detemmnine the moisture concentration distribution in a composite.
Also in practical situations, composite structures in various environmental
-atmospheres will often be simultaneously subjected to loads. Uncertainty
presently exists on whether the level of strain affects the moisture ab-
sorption of composites. Since it is known that an applied stress can in-
fluence the flow of water in a porous medium, there is a question of whether
or not the level 6f stress will influence diffusion of moisture in composites.
In one report, it is shown that for isotropic bodies the elastostatic problem
can be uncoupled from the diffusion relation and therefore the level of strain
should not affect the concentration of moistu:e.(lz) However, in another re-
port, data are presented which show that loaded specimens gain considerably
more weight in a humidity test than unstrained specimens.(l3) Since this work
was performed at relatively high levels of applied strain, there could have
been considerable cracking and void formation within the specimen resulting in
high weight gain values.. Sincé NMR is capable of distinguishing between
free moisture entering through cracks and absorbnd moisture diffusing through
the matrix, it could provide imporxtant information on the question of the in-
fluence of applied stress on moisturxe absorption.

J Although further laboratory studies are needed to better understand the

g relationship between the various .components of NMR signals and moisture ah-
sorption, the results of this program indigcate that NMR could be utilized for
practical measurement cf moisture content. Based on availakle technology, he
large cavity NMR instrumentation systems could be developed for moisture mea-
surement in certain types of components, such as helicopter rotorblades. For
measurements on larg=r structures, such as aircraft components, the technology
exists for developing an NMR system capable of making measurements frcm one
surface of a large specimen. This appicoach could also be appiied to large
composite panels for gquality control during fabrication.




e - o+

B e sk bpmvran

—————

37

V. CONCLUSIONS AND RECOMMENDATIONS

Conclusions

1.

The feasibility of applying pulsed NMR to the study of moisture
absorption, mechanical degradation and other effects in structural
organic matrix composites was demonstrated.

NMR is a- sensitive technigue for nondestructively measuring. the
amount of moisture present in organic matrix composites due to en-
vironmental exposure. Under the conditions utilized for the ex-

periments reported, moisture levels of 0.2% could be detected and

variations in moisture of less than 0.1% could be resolved.

Multi-component NMR signals were observed which provide informa-
tion on hydrogen atoms in various states of binding in the compos-
ites. The absorbed moisture NMR signal components are readily
distinguishable from the signal component arising from the chemi-
cally bound structural hydrogen atoms. The distinct components

of the absorbed moisture NMR signal may be associated with mois-
ture absorbed along the fiber-matrix interface and moisture ab-
sorbed into the matrix resin. Additional study of the various fea-
tures of the NMR signals could potentially provide important in-~
formation on the mechanisms of moisture absorption in composites.

" Results of tensile testing showed that moisture absoxption reduced

the tensile strength by 4.3% for the glass composite and by 14%
for the Kevlar composite. Analysis of the NMR signals indicates
that matrix plasticizing is more likely the cause of -mechanical de-
gradation in the composites than moisture entering through cracks
and voids.

Measurements on fractured composite specimens showed that NMR could
be utilized to measure the amount of free water entering a composite
through cracks and fissures.

Recommendations

1.

Perform measurements at low moisture levels to determine the sen-
sitivity and resolution of the NMR method for moisture detection.

Perform detailed NMR and moisture conditioning experiments on the
component materials such as fibers, resin, and prepregs in con-
junction with the complete composite to obtain information on the
composition of the observed NMR signals relative to the component
materials.

Measure the spin lattice relaxation time, Ty, as a function of
moisture absorption and mechanical degradation in order to obtain
a more complete understanding of the molecular mechanisms involved
in mechanical degradation due to environmental exposure.
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Utilize computational methods to separate the T, and T, data
into individual components and -to determine the percentage con-
tribution of each component to the total signal. This analysis
would provide quantitative information on the relative changes
in NMR signial components associated with moisture in different
states of molecular binding.

Investigate the effect of appiied stress on moisture absorption
utilizing NMR to determine the presence of free water entering

the specimens through cracks and the amount of moisture diffusion
in the matrix.

a

Explore the feasibility of utilizing inhomogeneous magnetic fields
and field-focusing techniques to measure moisture gradients and
moisture profiles with NMR.

Perform the developmental work necessary for utili.ing NMR as a
practical nondestructive test method for measuring the amount of
moisture present in composites.
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APPENDYX A

THE EFFECT OF MOISTURE ON THE. MECHANICRL FROPERTIES OF
ORGANIC MATRIX COMPOSITE AND NONDESTRUCTIVE DETECTION OF MOISTURE -
A BRIEF SUMMARY OF THE STATE-QF-THE-ART

During performance of the project which is the subject of this report,
a- literature search was conducted un the effect of moisture on the mechani-
cal properties of organic matrix composites and mcthods for nondestructively
detecting and measuring moisture in composites. The intention in performing
this literature search was to obtain information on the current state-of-
the-art regarding environmental mechanical -degradation ¢£ composites. Be-
cause of the large amount of information revealecd by the literature search,
it was decided to perform a more extensive review of the litcrature in this
area and make the results available to the public in the fomm of a tlondes~
tructive Testing Information Analysis Center (NTIAC) publication. This pub-
lication will be forthcoming in the near future. Presented below is a brief
summary of the state-of-the~art based on a review of some ofthe céocuments
identified during the literature search. -

LITERATURE SEARCH STRATEGY

The computer retrieval fazilities of the MNondestructive Testing Analysis
Center (NTIAC) located at Southwest Research Institute were used in compiling
a bibliography of source documents for the state-of-the-art survey. This
search covered technical journals, conference proceedings, research reports,
and department of defense technical reports from 1960 through 1979. Addi-
tional manyal searching was performed to obtain information on more recently
reported work in the areas of interest.

The gereral computer search strategy is illustrated in Table A-1. In
some of the computer files searched, the strategy illustrated in Tabie A-l

‘had to be modified slightly -with respect to terminology. In the search,

one term from each group of terms separated by an "and” must be associated
with the document for it to appear as a find. Group A contains texminology
relevant to composite materials; Group B includes termirology relatez to
NMR and moi.sture; and Group C contains terminoiogy related to testing or
inspectior and mechanical properties. The "?" after some terms means that
the term is truncated, that is, all terms having the same initial letters
in the same order wiil be searched. Thus, "MEASUR?" will search for
measure, measures, measured, measuring, etc.

The specific documentaticn files searched and the results are shown
in Table A-2. In addition to the NTIAC and DDC files, the open literature
searches utilized the LOCKHEED/DIALOG System to search the foliowing files:

(1) COMPENDEX (COMPuterized ENgineering inDEX},
(2) National Technical Information Service (NTIS),
(3) ISMEC-Mechanical Engineering,

(4) Chemical Abstracts.
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As illustrated in Table A-2, the total number of literature finds result-

ing from these searches was 1133. Review of the bibliographies of these

searches indicated that approximately 150 documents were relevant to the

i specific areas of interest, namely, the effect of moisture on the ‘mechani-

- cal properties of organic matrix composites and the nondestructive detec-

= tion of moisture in composites. The state-of-the-art in these two areas
based on 2 partial review of the -documents resulting from the literature
search will be briefly described in the followinc paragraphs.

-

MECHANICAL PROPERTY .DEGRADATION

: Most of the studies directed toward determining the effect of mois-
: ture on the mechanical properties of composites have concluded that ab-

? sorbed moisture affects primarily the matrix- and interiace-dcminated

E properties of the composite and leads to siagmificant degradation and
changes in failure modes. (1-4}  pilament-dominated properties show very
little environmental sensitivity. (4,5) According to Deiasi and
Hhiteside,(a) epoxy resins absorb atmospheric moisture by instantaneous
surface absorption and subsequent diffusion through the interior. The
absorbed water is not liquid but exists rather in the form of hydrogen-
bonded molecules or clusters within the polymer. Liguid water may, how-
ever, be transported by capillary action along cracks and along Ifiber-
matrix interfaces and may appear at interior voids. The absorbed water
softens epoxy resins, causes them to swell and lowers their glass transi-
tion temperature. A number of investigations have shown the moisture
diffusion in resins and composites to be described by Fick's Law and the
temperature dependence of moisture diffusivity to obey an Arrhenius rela-
tionship. (7

‘M}"‘\"‘IW' Lps el

" The mechanisms and effect of moisture ingress into advanced compo-
site materials are presented in a recent ASTM Special Technital Publica-
tion entitled Advanced Composite Mzterials-Environmental Effects: (8)
Results are presentad of a number of studies on absorption ard diffusion,
thermal cycling, appiication of external stress, and the hygrothermal
mechanics of moisture diffusion. It was found, for example, that Fick's
Law satisfactorily lescribes moisture diffusion in many situations, but
that certain anomolies exist. (9:10) 1n studies of the effect of external
stress, Gillat and Broutman found that external stress produces higher
effective diffusivities.(1l) This enhancement of the diffusion process
can be attributed %o the =arly formation of cracks through the thickness
- of 90° plys caused by moisture degradation of the strength of the trans~

verse plys. Higher moisture contents decrease the after-drying and the

, wet short beam strength of the composite by enhancement of moisture intro-

T

s

duction into the material. External stress accelérates the degradation
of the interface- and matrix-dominated properties of the composite.

M

The dynamic response of cantilever beams of composite materials in
a hygrothermal environment was discussed by Maymon, Briley, and Rehfield. (32)
Dynamic characterization is very important because of vibration and flu!;terr

i

A=3




T P

v "y“ﬂ-

mw

TABLE A~-2

_ LITERATURE SEARCH RESULTS-

. -No. bf
File _ - Finds
NTIAC 54
NTIS 290
COMPENDEX 319
ISMEC 48
ppC 186
CHEMICAL. ABSTRACTS _236

TOTAL ) _ o _ ].;33
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requirements for many aerospace systems. Natural frequency and damping
were- deterxmined for three different layups of graphite-epoxy materials
at 93°C (200°F) with high relative humidity as well as dry at room tem-
perature. The effective stiffness in the two layups having all or many
0°-fibers remained largely unaffected by environmental exposure because
the behavior of the material was fiber dominated; however, for the +45°
specimens, the change in stiffness was appreciable but reversible. The
effects of the hygrothérmal environment on damping were appreciable for
each layup, but damping increased for the all 0°-layup, yet decreased
for the other two layups. The authors emphasized the possibility that
hygrothermal environments could result in reduced stiffness and reduced
damping occurring simultaneously, which could be deleterious from flut-
ter or vibration considerations, or from both.

The effects of torsional and flexural fatigue on the long-time
integrity of advanced graphite/epoxy structural composites subjected to
environmental conditioning were investigated by sumsion. (13)  Results
showed that in torsional cycling; both water environment and higher test
temperature contributed to significant degradation of torsional stiff-
ness. Flexural fatigue results on +30° material showed a large fatigue
effect with fatigue limits of 50% and 30% of the static failure strength.
Compliance measurements indicated that the final failures were preceded
by damage initiation and accumulation which ‘began about 1% of the speci-
men life.

investigations of the form of the moisture distribution on the fatigue
behavior of graphite/epoxy composites have been reported by Ramani and
Nelson. For specimens having a large moisture gradient with an average
moisture céntent of 1.4%, fatigue life was reduced by a factor of 8 at all
stress levels investigated. Corresponding reduction in fatigue life for
specimens having a flat moisture profile at the same average moisture con-
tent was comparatively smaller being about a factor 5 reduced from the value
in dry specimens. X-ray radiographic analysis of damage accumulation in
compression-compression fatigue revealed interlaminex cracking to be the
dominant mode of failure responsible for the observed enhanced cyclic degra-
dation of moisture condition specimens. This finding was corroborated by
the observed systematic reduction in interlaminer shear strength as a func~
tion of moisture content which in turn increased the propensity for delami-

nation under cyclic compressive loads. Residual strength measurements on

cycled specimens indicated significant strength reductions had long lives,
particiilarly in moisture condition specimens.

The majority of mechanical degradation studies reported in the liter-
ature are directed toward high performance graphite fiber reinforced: compo-
sites or glass fiber reinforced composites where the environmental degrada-
tion has been shown to be primarily a matrix-dominated effect. In the case
of a hygroscopic fiber such as Kevlar 49, the effects of moisture on mechani-
cal properties may be expected to also be fiber-related. Studies of the
absorption and transport of moisture in Kevlar 49 fiber have been reported




by Augl.(ls) The purpose of the work was to measure the absorption equi-

librium of Kevlar with moisture and its diffusion coefficient as a func-

tion of concentration. Kevlar 49 was found to have an unusually low dif-

fusion coefficient compared to other polymers so that moisture transport

in the composite is governed by the organic matrix or by other mechanisms -
such as microporosity. However, the ‘equilibrium concentration as a func-

tion of relative humidity was found to be similar to most epoxy resins.

The effects of moisture and temperature on the flexural response of
Kevlar reinforced epoxy laminates has been reported by Allred. (16) fThe
author concludes that temperature or moisture alone did not severely affect
the mechanical properties of Kevlar-epoxy, however, strength losses up to
60% and modulus losses of 45% were observed with saturation moisture con-
tents (5 weight %) at 150°C. Results indicated that filament hygrothermal
degradation was the dominant mechanism until moisture solvation depressed
the matrix Tg below the test temperature. This is in direct contrast to
the majority of high performance resin/matrix composites which exhibit
little filament degradation.

NONDESTRUCTIVE DETECTION OF MOISTURE AND MECHANICAL DEGRADATION IN
COMPOSITES

In the application of NDE technology to the measurement of moisture
and determination -of strength degradation in composite materials, several
investigators have reported on the- use of ultrasonics. In one study,
Kaelble performed a study to determine whether sound velocity or attenua-
tion measurements weré directly sensitive to the state of the interfacial
bond as evaluated by moisture absorption, interlaminer shear strength or
fracture energy. 17)  1n experiments performed on graphite/epoxy specimens,
Kaelble found that exposure to 95% relative humidity or water immersion at
100°C for times greater or less than 200 hours produced a 30 to 50% reduc-
tion in interlaminer shear strength, accompanied by a concurrent 2 to 5
fold- increase in fracture toughness and acoustic absorption properties.
These property changes were shown to be irreversible and directly related
to cumulative moisture degradation of the fiker/matrix interfacial bond.
The magnitude of the observed property changes were consistent with sur-
face energy analysis and micromechanics predictions which show that frac-
ture energy response optimizes at intermediate values of shear bond strength.

In expe¥iments performed on a graphite/epoxy specimen subjected to
length variable moisture exposure by partial submersion in a special con-
tainer, Kaelble -measured the longitudinal sound velocity Cj and acoustic
absorption coefficient al.(le) Results showed that the acoustic absoxrp-
tion coefficient ¢y remained relatively constant with position along the
specimen, even though the moisturé exposure history varied with position,
except for cases where the .spécimen was exposed to thermal-shock cycles
exceeding 177°C (350°F). The high attenuation was interpreted by the
author in terms of internal cracking with visual evidence :of internal
delamination. Kaelble found that the ultrasonic velocity at 230C and
2.25 :Hz was very sensitive to moisture content.




A recent study of NDE of hygrothermal effects on: fiber reinforced
composites by ultrasonics has been reported by Bar-Cohen, -et- al.(19
Carbon fiber reinforced laminates were immersed in room. temperature water
with some of the specimens being transferred to 90° water immersion for
one day each week. At certain- stages in the hygrothermal history, -speci-
mens were simultaneously tested destructively and ultrasonically. Because
of the -complexity of internal processes occurring- simultaneously under
hygrothermal conditions, it was found difficult to justify a. direct cor-
relation between strength data and transient nondestructive test measure-
ments. However, results of the measurements showed that when the effects
of variations in water absorption and desorption are deducted from the
overall -ultrasonic attenuation measurements, the net effect of material

degradation may be correlated with variations  in strength derived from
destructive tests.

Applications of infrared thermography to study the effects of mois-
ture in resin matrix compositeés have been reported by Singh, et al. (20)
Several multiple graphite/polyimide composite specimens were examined by
real/time infrared -therxmography to study the effect of moisture on their
thermograms, Heat was injected from one side and the- IR emission detected
on the opposite side. No differences between the thermograms of dry and
water containing specimens were detected for defect-free -specimens. How-
ever , in defective specimens the presence of trapped moisture signifi-
cantly modified the surface temperature distribution associated with re-
gions of anomalous thermoconductance such as cracks, voids, and delami~-
nations. Thus, -a -comparison between a thermogram of a defective test
Specimen as-received and its thermogram in .a dry state can indicate if
the test specimen -has any ‘moisture in it. The technique cannot, however,
provide a quantitative measure of moisture content in the specimen.

The use of acoustic emission for studying environmental degradation
of composites has been reported by Graham and Elsley.(zl) Moisture degra-
dation in graphite/epoxy composite specimens reduced the ultimate strength
and resulted in a change in the acoustic emigsion amplitude distribution
early in the loading history. BAlso, acoustic emission having distinct
frequency spectral types tended to occur at or near singularities in the
load curve. A computer pattern recognition technique was utilized to
analyze the acoustic emission data in order to develop the statistical
relationship between acoustic emission characteristics and mechanical
strength parameters. The authors conclude that based upon the results
obtained, acoustic emission provides a tool for methodically studying and
identifying the specific failure modes which occur in composite materials
under various environmental conditions.

Another approach which has been reported for monitoring strength
-degradation in graphite/epoxy composite material is moisture diffusion
anlaysis.(22'23? In this approach, an electrolytic cell is utilized to
record cumulative moisture evolution and moisture effusion rate. Variation
of cell geometry accommodates either laboratory analysis of small composite
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damaged control specimens or field inspection of limited surface areas of
composite structure in a scanning mode. The moisture diffusion analysis
approach provides infoxrmation on current moisture content, directional
diffusion- coefficients and moisture concentration profile. The author
indicates that studies which correlate moisture diffusion analysis with
ultrasonic response and interlaminer shear strength of composite laminates
subjected to localized moisture damage show that moisture diffusion analy-
sis can be applied to map- and locate low strength regions of a composite
structure. Additional work is needed to quantify the method and general-
ize it to situations where anomalous diffusion occurs.

Radiofrequency spectroscopic approaches such as nuclear magnetic res-
onance (NMR) have also been applied for the detection of moisture and mechan-
ical degradation in organic matrix composites. NMR is a method which pro-
vides a signal dependent on the number and characteristics of the hydrogen
atoms in the material. The detected signals may be related not only to the
amount of moisture present, but to the molecular structure involving hydro-
gen atoms. Investigators utilizing NMR to study the effects of water in
epoxy resins and composite materials report the- observation of at least
two components to the ‘NMR signal, one component associated with the hydro-
gen atoms in the rigid epoxy resin and the other component associated with
the hydrogen atoms in. the more mobile water. (24:25)  Results reported thus
far show that it is possible to independéntly measure the NMR characteris-
tics associated with hydrogen in the epoxy and in the water. (25)  This
could prove useful in detecting and monitoring reversion because the rela-
tive number of mobile protons increases as reversion takes place. It would
appear that NMR may also provide an approach for distinguishing moisture
associated with the fiber/matrix interface from-that diffusing through the
resin matrix. Such results could prove useful in determining the relation-
ship between moisture in various states of binding and mechanical property
degradation.
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‘APPENDIX B

NMR MOISTURE MEASUREMENT

Basic Principles of NMR

Nuclear magnetic resonance is a branch of spectroscopy based on the
interaction between nuclear magnetic dipole moments and a magnetic field.
The term resonance is used because a natural frequency .of the magnetic
system, namely, the frequency of gyroscopic precession of the magnetic
moments in an applied static magnetic field; is detected. In the following
paragraphs, the basic principles of NMR are briefly described; the funda-
mentals of NMR are explained in great detail in several texts.‘1°3)

Many atomic nuclei possess a non-zero spin angular momentum and an
associated magnetic dipole moment. Analogous to the precession of a
spinning top in a gravitational field, the splnnlng nuc;ear magnet precesses
about the direction of an applied steady magnetic field, Ho, as depicted
in Figure Bl. The angular precession frequency is directly proportional to
the strength of the magnetic field with the proportionality constant (called
the gyromagnetic ratio) having a value characteristic -of the specific
nuclear species. For the hydrogen nucleus, the gyromagnetic ratio has the
value 2.67 x 104 (G-sec)~l. A "resonance" condition can be achieved by
application of a second magnetic field alternating at a frequency corre-
sponding to the precessional frequency of the nuclei of interest, and in a
direction orthogonal to that of the steady magnetic £iéld. For appropriate
values of steady and -alternating magnetic fields, the spin axis of the

nucleus can be reoriénted, and this is the phenomenon: of nuclear magnetic
resonance..

Several methods of generating and detecting NMR signals are available.
The method preferred for most practical applications is the transient or
pulsed method because measurements can be made rapidly and the data -obtained
provide much- information about the ~1vesthated nuclear spe01es. In this
approach, the RF field is applied in short bursts or pulses. The magnitude
and duration of the RF pulse determines through what ‘angle with respect to
the static magnetic field the nuclear magnetization vector will be reoriented
during the pulse. In general, the angle through which the magnetization,
or is rotated is given by i

9 = Y Hl *Tw o . =
where H, is the amplitude of the rotating RF magnetic field and 7, is. the
duration of the pulse. The particular pulses most commonly utilized in
transient NMR experiments are those for which 6 = 90° (90° pulse) or
@ = 180° (180° pulse). These are illustrated schematically in Figure B2,

The pulsed NMR approach affords a direct means for measuring the nuclear
magnetization, MO. For example, at the termination of & 90° pulse, the
magnetization lies in the plane perpendicular to ﬁo, and its precession
about ﬁo in that plane is capable of inducing a measurable voltage in the
RF coil which then serves as a sensor. The magnitude of this voltage is
proportional to the number of nuclei within the effective volume of the
coil. Of basic interest is the lifetime of the signal induced by the
nuclear precession. 7Two effects must be taken into consideration:

(1) interactions between the nuclei in the specimen tend to diminish the
amplitude of the precessing transverse magnetization, and (2) inhomogeneities
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in the applied static field gradually destroy the coherence among the
individual nuclear spins composing the net magnetization causing a

"fanning out"” of the precessing nuclear magnetic moments. These effects
are illustrated schematically in Figure B3, As a consequence of these two
effects, the voltage signal ‘induced by the precessing magnetization grad-
ually decays to zero; this is called "free induction decay™ and is illus-
trated schematically in. FigureB4. If now a second RF pulse is applied to
the specimen at a suitable time following the first pulse, namely, after
the initial voltage has decayed because of the "fanning out” of the nuclear
magnetic moments, but before the amplitude of ‘the transverse magnetization
has itself diminished to zero due to internal interactions, then the nuclear
magnetic moments can be refocussed into a "spin echo", which ranifests
itself as an induced voltage following the second applied pulse. This
phenomenon is depicted schematically in FigureB5 and examples of hydrogen
spin echo signals obtained from mixtures of bentonite and water are shown
in Figure Bh. .

The amplitude and shape characteristics of the free induction decay
and spin echo signals provide a variety of information about the specimen
including (1) the presence of atoms in different physical states (e.q.
liquid and solid); (2) the type and strength of interactions between nuclei
of both the same species and different species; and (3) changes in molecular
structure and intermolecular binding.

In real macrosccpic specimens, the nuclear magnetic moments are not
free but interact with each other and with their surroundings. As a con-
sequence, following application of a 90° puise the nuclear magnetization
does not return to its equilibrium value along the magnetic field instan-
taneously but rather does so over a period of time., Since the interactions
responsible for alignment of the nuclear magnetization along the magnetic
field are associated ::ith energy exchange between the nuclear spins and the
lattice, the recovery time is called the spin-lattice relaxation time, T;.
This relaxation time may be measured by application of a sequence of two
90? pulses. If the amplitude of the free induction decay following the
second pulse is measured as a function of the spacing between the pulses,
the recovery time of the spin system may be determined.

In addition to the interactions between the nuclei and the lattice
which are responsible for spin-lattice relaxation, transverse components
of the nuclear magnetization (generated, for example, by a 90° pulse)
represent a non-equilibrium--situation and decay dve to spin-spin intex-
actions. These interactions are responsible for the decay of the trans-
verse magnetization depicted earlier in Figure B3. In solids, the spin-

spin relaxation time, T, is generally quite short due to strong spin-spin
interactions. However, for more loosely bound nuclei, such as in liquids,
spin=spin interactions are reduced by molecular motion resulting in a
lengthened relaxation time, T,. If the spin-spin relaxation time of the
nuclear spin system (i.e., the natural decay time of the transverse magneti-
zation) is shorter than the spin de-phasing caused by an inhomogeneous mag-
netic field (see Figure B3), then T, may be determined directly from the
free induction decay. For longer To's, the spin-spin relaxation times may
be determined by application of a 90°-180° pulse sequence and measuring
the amplitude of the spin echo following *he 180° pulse. Because of the
shorter relaxation time for solids compared with 1iquids, the spin echo
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technique provides a means for separately determining signal contributions
from liquid components. Thus, if the time interval between the successive
90° and 180° pulses is adjusted to be greater than the T, associated with

the nuclei in the solid staté, but less than the T; associated with the

nuclei in the liquid c¢onstituent, then the transverse magnetization asso-
ciated with the solid will have decayed away before the 180° pulse is ap-
plied, while that portion of the transverse magnetization resulting from
nuclei in the liquid constituent though de-phased, will not have appreciably
diminished in magnitude, and will be refocussed into a spin echo signal by the
1800 pulse. Thus, the spin -echo; approach provides a method for detecting only
the NMR signal due to thé liquid coinponent when both liquid .and solid consti-
tuents possessing a common nucleus are present in a specimen.

The essential elements of the apparatus uséd to 1mplement the -pulsed

NMR method are shown. schématically in Figure B7. The specimen (1) .is
encircled by a radlofrequency induction ¢oil (2). A sEa;iqamagngtfc~field’
of strength Hy i's applled by a magnet (3). A radiofrequency oscillator (4)
supplles pulses of RF energy: to the coil of the properiduratlon and ‘separa-
tion to produce free 1nductlon decay or 'spin echo 51gnals. The signal volt-
age- induced in the sensor coil is amplified by the Rﬁ amplifier (5), demodu-
lated by the: detector (6) , and displayed as a function of time on & cathode
ray oscilloscope (7). A-- dlgltal readout -of the amplitude of the signal ‘is
implemented by a sampling gate (8) and a digital voltmeter (9). .

-
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